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One of the difficulties  of electron microscopy of complex  biological  tissues 
is obtaining material in its original disposition and thin enough to be penetrable 
by the electron beam. In the case of the axon material this is especially great 
since it is surrounded by complex sheaths of very different nature.  Axon ma- 
terial from giant fibers of invertebrates has been isolated and studied with the 
electron microscope (1-3). The material is highly unstable in fresh condition 
and its structure can be demonstrated only after proper fixation. 
Nerves  from vertebrates  and  from  amphibia  particularly  are  much  more 
resistant to injuries.  Frog nerves isolated from the body and kept at low tem- 
perature maintain their electrophysiological properties for weeks (4).  However 
in this case there are no giant fibers whose axon material can be dissected out. 
The diameter of the nerve fibers is so small indeed  that it is practically im- 
possible  to  obtain  pure axon material  by orthodox methods of dissection or 
microdissection. In view of these difficulties  a  new method has been devised 
which permits axon material to be obtained from vertebrate myelinated fibers 
and its observation under the electron microscope. This method, which  con- 
sists in the extrusion of the axon from the sheaths, the separation and exclusion 
of extraneous material,  particularly myelin, and the compression of the axon 
material until it becomes thin enough to be permeable to the electron beam, can 
be controlled at any moment with the optical microscope. The technique will 
be described in detail  in this paper,  together with observations on the ultra- 
structure of the nerve axon of the toad and the rat. 
Technique for the Observation of A xon Material under the Electron Microscope 
Extrusion of the Axon MateriaL--The sciatic nerves of the toad (Bufo arenarum Hensel) 
were mainly used for the experiments but observations were also made on rat sciatic nerves. 
The nerves, placed in Ringer or Tyrode fluid, were dissected as free as possible of connective 
tissue and cut with a razor blade into segments about 5 mm. long. A nerve segment was put on 
a coverslip, surrounded by a small drop of Ringer, Tyrode, or isotonic dextrose solution; it 
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was held by the middle with a fine forceps and the fibers were compressed with the side of a 
needle with strokes toward a cut end. As can be observed under the phase contrast microscope, 
this compression expelled axon material from the cut end. (Figs. 1 to 6.) It was also observed 
that axon material could be pressed out from the sheaths through tears along the fibers. The 
axon material sticks to the glass and because of this property it can be submitted without 
important losses to repeated washings in Tyrode fluid  or in isotonic dextrose. The washing 
eliminates practically all the myelin, which is mainly present in refractile droplets. The process 
of  washing  can  be  checked  under  the  microscope until  only  naked  axons  are  seen  on 
the microslide. 
Compression of the Extruded Axon Material for  Microscopi~ Purposes.--Compression  of 
the axons was generally made after fixation in formalin or osmic acid although in some cases 
fresh material was also studied. The time of fixation in formalin at pH 7.4 varied from a few 
minutes to 30 minutes or more. In some cases the axons were extruded directly into the fixative 
instead of onto a glass surface, but in general this procedure gave shorter pieces of axons. The 
technique finally  adopted for compression consisted in inverting the coverslip upon a  slide 
covered by a film of parlodion and then bringing to bear upon it, through a big rubber stopper, 
a pressure of the order of 10 to 100 kg./cm.  2, by means of a hand press. Mter a few minutes 
the pressure was released and the coverslip carefully removed, avoiding if possible the tearing 
of the film. Many of the compressed axons were now stuck to the film of parlodion and could 
be observed by phase microscopy (Figs. 5 and 6) or with the wide field microscope and oblique 
illumination. Sometimes the axons were difficult  to detect because of their thinness. They 
could more easily be seen after washing of the film in distilled water and drying. The film was 
then detached by floating on water, inverted on another slide,  the axons selected under the 
microscope were covered by grids, and the film refloated again. Finally the grids having one 
or more axons were ready to be observed with the electron microscope. 
Preparations were observed directly with an R.C.A. EMU-2 C electron microscope pro- 
vided with wide field objective lens as described by I-Iillier (5), or after shadow-casting with 
palladium at an angle of 11 °  . 
RESULTS 
Observation with  the  Phase  Contrast  Microscope  of Extruded  and  Compressed 
Axon Material 
The various steps  in  the  technique of extrusion, purification, compression 
and preparation of the axonic material for the electron microscope can all be 
followed with  the  phase  contrast  microscope.  Fig.  1  shows  two  myelinated 
nerve fibers with short segments of axon protruding from the cut ends, the other 
fiber being intact. Within the intact fibers the axon is practically hidden because 
of the high refractility of myelin. The extruded axon is easily recognized in 
spite of its low refraetility. Some myelin figures and myelin droplets are also 
to be seen. The extruded axon widens and its diameter becomes approximately 
that of the intact fiber. Actually it is flattened, having a ribbon-like appearance, 
as can be demonstrated in those places where it is viewed sideways or is twisted. 
In Fig. 2 the short extruded axon shows a great number of small dark bodies 
resembling small mitochondria. The rest of the axoplasm is completely homo- 
geneous and  does not show  any signs  of fibrillar formation. The number of 
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(Fig. 3). The length of the axons varies considerably; sometimes segments of 
100 to 300/~ or more can be seen, and in those long segments the axon is some- 
times twisted around its axis  (Fig. 4). The effect of compression is shown in 
Fig. 5; the axon segments are so thin that they can barely be seen with the phase 
microscope. The width of the compressed axon is about 3 to 4 times the original 
diameter of the intact one. 
Fig. 6 illustrates the final step in the technique. A compressed nerve axon on 
a parlodion film is shown mounted on a  standard grid, ready for observation 
under the electron microscope. 
Observation with  the  Electron  Microscope  of Extruded  and Compressed  Axon 
Material 
Figs.  7 and 8 show electron micrographs at low magnification of specimens 
probably corresponding to entire axons. Fig.  7 shows a  fibriUar organization 
with fine parallel threads. In Fig. 8 the presence of discrete bodies, including 
rod-like forms that may be mitochondria, is plainly visible. In Fig. 7 there are 
in  addition  membranous  objects  that  may  represent  pieces  of  an  axon 
membrane. 
Granular Material of the Axon.--The compressed axons show in all cases a 
considerable number of bodies of high electron density and variable size. Mor- 
phologically Considered, the largest ones resemble mitochondria. They appear 
as short rods of about 250 m/~ by 900 m# oriented with the axis parallel to the 
axon (Fig. 8). In some cases they seem to be flattened by the compression and 
show smaller dense bodies inside. In addition, smaller dense granules are also 
present.  These  granules  are  sometimes  arranged  in  rows  or  small  clusters. 
Their diameter ranges from the size of a mitochondrium (about 250 m#) down 
to 90 m#. In Fig. 8 all gradations in size of these granules are found. The number 
of granules  apparently varies in different axons.  In a  few specimens a  con- 
siderable number of them, covering a large proportion of the compressed axon, 
are  observed. 
Membranous  Malerial.--In Fig.  7 along the sides of the axon and covering 
them,  there are elongated fragments of an amorphous, finely granular mem- 
brane. In general only small pieces of membranes could be found so that it is 
impossible to be sure of the existence of a continuous submicroscopic membrane 
surrounding the axon. However in some cases large fragments of similar mem- 
branes have been found (Fig.  10).  Measurements of shadow lengths indicate 
a  thickness of 120 to 140 A. 
Fibrils.--The fibrillar organization of the axon is seen at low magnification 
in Figs. 7 and 9. The axon appears to be constituted essentially of a large bundle 
of parallel tightly packed fibrils with interspersed granules. In Fig. 7 the fibrils 
are especially evident at the end and at the right side of the axon, where iso- 
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micrographs the fibrils are parallel to the axon axis and tightly packed (Fig. 11). 
Frequently, however, at the edge of the axon the fibrils are disposed in loops 
perpendicular to the axis of the fiber (Fig. 13).  The fibrillar elements are of 
indefinite length and generally smooth (Fig. 14). The stability of these filaments 
depends to a  considerable extent on the time of fixation, the animal species, 
and  the pH  of the washing solutions. The pH  seems to be particularly im- 
portant. The Tyrode solution or isotonic dextrose should be kept strictly at 
neutral pH to obtain good results. The fibrils of the amphibian nerve (toad) 
proved to be much more resistant (Fig. 14) than the rat sciatic nerve. In the 
case of the latter the isolated fibrils always fall apart into very fine filaments 
(less  than  100  A)  which  cover  the  background  of  the  electron micrograph 
(Fig. 15). 
The fibrils show variations in diameter not only in different specimens or 
parts of a specimen but even along the same filament, but no regular nodosity 
has been observed. For example in Fig. 12 filaments whose diameter varies from 
100 to 350A are found. In Fig. 13 filaments ranging between 200 and 400 A 
can be seen. In places in which the fibrils are thinner they cast a wider shadow, 
indicating that there they are higher. 
DISCUSSION 
Technical Considerations 
The  method  described  for  the  preparation  of  pure  axon  material  from 
myelinated nerve fibers entails two special features. One is the extrusion of the 
axon and its separation from other materials by its adhesion to the glass during 
subsequent washings. The second is the compression of the axon material until 
it becomes partially permeable  to  the electron beam.  This material is  then 
prepared for the electron microscope observation by a pseudoreplica technique. 
While the extrusion process is only applicable to this material the compression 
is a  general method which can be  applied to observation with the electron 
microscope of different biological materials, isolated by various techniques. It 
seems notably applicable to the study of free cells, of cell fragments, and also of 
isolated  extracellular  material.  The  changes  which  the  high  pressure  may 
produce on the  colloidal system of the living tissue  (see  Marsland  (6))  are 
certainly reduced or suppressed by an appropriate fixation prior to the com- 
pression. The extrusion of long segments of living axons, free from the sheaths, 
suggests the possibility of an indirect study of its ultrastructure by polarized 
light. In myelinated nerve fibers this study is considerably hindered by the 
intense birefringence of the myelin sheath. 
Ultrastructure of the Axon 
Membranous Material.--The observation of extruded axons with the phase 
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within a  homogeneous structure, whereas the electron microscope discloses  a 
complex ultrastructure. Three components are then visible; granules, a  mem- 
branous material, and the fibrils.  Of these, only the larger granules of the size 
of mitochondria are resolved with the optical microscope. 
In thin sections it has proved impossible to demonstrate the presence of a 
special membrane at the periphery of the axon of myelinated fibers (7) but the 
compression technique reveals in many specimens fragments of an amorphous 
membrane 120 to 140 A thick. In nerve fibers growing in tissue culture we had 
previously observed  indications of a  thin membrane surrounding the naked 
axons  (8). 
C-ranules.--Another characteristic of the extruded axon material is the con- 
siderable number of dense bodies, some of the size and shape of mitochondria 
and others much smaller. Their presence is interesting because mitochondria 
are  known  to  contain  different enzyme systems in  high  concentration and 
especially cytochrome oxidase and the cyclophorase systems (Schneider and 
Hogeboom (9)).  The significance of the smaller bodies just mentioned is not 
known. It might be related to the granular material termed ultrachondriome 
in leucemic leucocytes (10)  and also more rarely found in inflammatory proc- 
esses and in some monocytes of normal subjects.  Since a  continuous series  of 
transitional forms between the granules and the  mitochondria has been  ob- 
served,  Bernard et al.  (10)  have supported the view that these granules  are 
precursors of the chondriome. It is interesting to recall  that similar elements 
have been found in cultured sarcomatous ceils  (11),  in cellular  fragments of 
various tumors (12),  and in growing embryonic cells  (13)  (growth granules of 
Porter). In connection with this last observation one has not to forget the fact 
that the nerve axon is deemed to be in a  continuous process of growth (see 
below). 
One has further to consider the possibility that the granules may represent 
material which is being transferred along the nerve  fiber from the nerve cell 
body down to the periphery. In favor of this hypothesis is the fact of the distal 
flow of axon material (which is also an indication of axonic growth)  demon- 
strated by Weiss and Hiscoe  (14)  and  the demonstration of the  transfer of 
secretion in nerve fibers of the hypothalamus and posterior pituitary lobe. The 
nerve axon with its fibrillate submicroscopic structure along the axis seems well 
prepared for the longitudinal transfer of materials. 
The  Fibrils.--The  technique  used  in  this  work  leaves no doubt regarding 
the nature of the material studied under the electron microscope and the fact 
that we are dealing with axon material. In all cases this material has a fibrillar 
constitution, the fibrils being of undetermined length and from 100 to 400 A in 
diameter. 
Using fragmentation techniques in fixed myelinated and unmyelinated nerves 
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fibers of undetermined length,  200 to 500 or more A  in diameter, which fre- 
quently showed higher electron density at the edges. Although fragmentation 
techniques are not well suited to establish the localization of this component 
the data then available supported the view that it was an axonic constituent. 
Several  later  authors  have  not  been  able  to  find  it  within  the  axon, 
using ultrathin sections (15-17). Instead they observed a fine reticulum of very 
thin filaments (120 to 200 A) with nodose contour. In an early paper Fernandez- 
Mor~n (16) postulated a tridimensional reticulum for the ultrastructure of the 
axon, as did also Rozsa et al. (17). However, recently, by improved techniques, 
he has shown in thin sections that  the so called "neurofilaments" are longi- 
tudinally oriented and of indefinite length (18). This agrees with our findings 
(7, 19) in thin sections of frozen-dried and of formalin-fixed nerve material, in 
nerve fibers growing in tissue culture, and also with the results now reported. 
Nerve fibers growing in tissue culture appear to be constituted of a close parallel 
packing of cylindrical filaments of 300 to 500 A, in which the double contour was 
readily  apparent  (8). 
In the extruded nerve material only very seldom is it possible to observe a 
double edged appearance, as seen in fragmented nerves, in thin sections of nerve 
fibers and nerve cells (20) or in nerve fibers growing in tissue culture. However 
we are inclined to believe that, with or without dense edges, we are dealing 
with the same material. A discussion of the factors on which the double edge 
may depend is beyond the plan of this work. In our previous work--with frag- 
mentation techniques--the possibility of contamination of the fibrous material 
of the axon with other fibers and particularly with collagen fibers could not be 
discarded.  It now seems  to us possible  that  some of the fibers described by 
De  Robertis  and  Schmitt  (2)  and  by  De  Robertis  (21),  having  a  com- 
plex periodic structure and a double edge appearance, may be collagen fibers, 
mingled with the true fibrils. 
SIJM~ARY 
A  technique has been developed for the  extrusion of  axon material  from 
myelinated nerve fibers. This material  is then compressed and prepared for 
observation with  the electron microscope. All the stages  of preparation and 
purification of the axon material can be checked microscopically and  in  the 
present paper they are illustrated with phase contrast photomicrographs. 
Observation with the electron microscope of the compressed axons showed 
the presence of the following components: granules, fibrils, and a membranous 
material. Only the larger granules could be seen with the ordinary microscope. 
A  considerable number of dense granules were observed. Of these the largest 
resemble typical mitochondria of 250 m/z by 900 m#. In addition rows or small 
dusters of dense granules ranging in diameter from 250 to 90 m/z were present. 
In  several  specimens  fragments  of  a  membrane  120  to  140  A  thick  and E.  DE  ROBERTIS AND C.  M.  FRANCHI  275 
intimately connected with the axon were found. The entire axon appeared to be 
constituted of a  large bundle of parallel  tightly packed fibrils among which 
the granules are interspersed. The fibrils are of indefinite length and generally 
smooth. They are rather labile structures, less resistant in the rat than in the 
toad nerve. They varied between 100 and 400 A in diameter and in some cases 
disintegrated into very fine filaments (less than 100 A thick). 
The significance is discussed of the  submicroscopic structures revealed by 
electron microscopy of the material prepared in the way described. 
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EXPLANATION OF PLATES 
PLATE 28 
FIGS. ] to 6. Photomicrographs of nerve fibers of the sciatic nerve of the toad Bufo 
arenarum  Hensel in Ringer solution observed under the phase contrast microscope. 
X  230. 
FIG. 1.  Four myelinated nerve fibers. Short segments of the axon have been ex- 
truded (ea) from two of them. Numerous myelin figures (mf) can be seen sticking out 
of the myelin sheath  (ms). 
FIG. 2.  A segment of extruded naked axon (ea) showing fine dark granules amidst 
what appears to be a  homogeneous material. 
FIG. 3.  Several axons extruded from the cut end of nerve fibers. 
FIG. 4.  Long segments of naked axons (one of them measured more than 300/~). 
Note  the  ribbon shape. 
FIG. 5.  Segments  of nerve  axon after they had  been  submitted to  fixation and 
compression (see description in the text). 
FIo. 6.  Compressed segment of nerve axon ready for the electron microscope after 
it had been put in place on the grid by a  pseudoreplica technique. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  98  PLATE 28 
(De  Robertis  and  Franchi:  Submicroscopic  organization  of  axon  material) PLATE 29 
FIG.  7.  Electron micrograph of an extruded  and compressed naked axon of  the 
toad. In the upper part the axon is wider and thinner showing its fibrillar constitution. 
Parallel fibrils (pf) are very conspicuous at the lower right. Large granules (mi) and 
pieces  of  membrane (Am)  are  also  visible. 
Nerve fiber of  the sciatic o[ Bu/o arenarum extruded and fixed in formaldehyde 
before  the compression. Shadow-cast with palladium. X  7,900. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  98  PLATE 29 
(De Robertis  and  Franchi:  Submicroscopic  organization  of  axon  material) PLATE 30 
FIC. 8. Electron micrograph  of compressed nerve  axon  of the toad fixed in formal- 
dehyde. Rod-shaped granules (m{) and smaller dense bodies ranging between 90 to 
250 m~ in diameter are seen. X 5,700. 
FIG. 9.  Same specimen  as Fig. 7. A sm~ll piece of axon showing large (m0 and 
small granules.  The parallel arrangement of the fibrils  can be seen. Shadow-cast with 
palladium. X 13,500. THE  .TOURNAL OF  EXPERIMENTAL  MEDICINE  VOL. 98  PLATE 30 
(De Robertis and  Franchi: Submicroscopic organization of axon material) PI~TE 31 
FIG. 10.  Electron micrograph of a membranous structure; possibly the axon mem- 
brane. Sciatic nerve of the toad. Shadow-cast with palladium. ×  10,100. 
FI6. 11.  Part of an extruded axon showing the parallel arrangement of the fibrils. 
Sciatic nerve of  the  toad.  Shadow-cast with palladium.  ×  21,000. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  98  PLATE 31 
(De Robertis  and  Fr~nchi:  Submicroscopic  organization  of  axon  material) PLATE  32 
FIO.  12.  Fibrils of the axon of a  nerve fiber of the toad,  showing at  the left side 
the parallel arrangement.  To the right fibrils ranging in diameter  from  100  to 350 A 
are  seen.  Shadow-cast  with palladium.  X  25,000. 
FIG.  13.  The same material as shown in Fig.  12.  Positive print.  Fibrils  range be- 
tween  250  and  380  A  in diameter.  X  15,000. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 98  PLATE 32 
(De Robertis and  Franchi:  Submicroscopic organization of axon material) PLATE 33 
FIG. 14.  Fibrils from an extruded axon of the toad sciatic nerve. Structure of the 
fibrils is well preserved. In some places (arrows)  they show denser edges.  Shadow-cast 
with palladium. Positive print.  X  21,400. 
FIc. 15.  Filaments from an extruded axon of the rat sciatic nerve. The background 
is covered with thin filaments (nf)  which are probably the product of  disintegration 
of the fibrils (pf). Shadow-cast with palladium. X 24,000. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 98  PLATE  33 
(De Robertis  and  Franchi:  Submicroscopic organization of  axon material) 